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in order to see what magnitude of improve,.ient is obtained using this method over

simpler ones. Given below are results for (1) a three-dimensional array with

multiple beams (branches) using only cohe rent phasing of branches (known as

equal gain combining (EGC), (2) a three- uin,;iona, array with multiple beams

using selection of the maximum amplitude brench (k1nown as selection coabining

(SC)), (3) a three-dimensional array with a sing.- fixed focus beam, and (4) a

two-dimensional array. The LJast one represents the original concept explored

earlier and reported n 13,4,5].

The simulation results can be briefly summarized as follows. For the con-

ditions chosen, an improvement of approxirtately 4 to I is obtainled using th~e

maximal ratio combining technique with the three-diwensional array over anything

else that was done. An interesting, though expected result, was that the var-

iance relative to the mean of the output ,using tis best technique was much

less than for the two-dimensional "rray. The c,nputational model assumed ten

independent ray arrivals randc:nly spread over ±1L00 in the vertical. In the two-

dimensional array thase combine noncohcreittly r,'su3ting in a nearly Rayleigh

fluctuation of amplitude. In the three-dimensional array the ten rays are to

a lar-- extent resolved -n the separate branch-:,;. The; dive,-LiLy selcetion or

coherent cc bining trhe:: result; in a substanti)ly snaller fltictuation.

We now descri-e th- hy -ieal and stati-stic.il arrangeents assumed. Fig-

ure 2.1 suggests the _cp1oyz-cnt of ele.ents in I three-dimensional space. Elemeut

positicns (X n,Y n,Z ' )r = 1,2 .. N .ere assumed independent random vectors, the

number of ele:-.ents N bcins 33 for this co:,iputation. The horizontal coordinates

(Xn ,Y) wore assuwoed in'ipc!ent non-.ally distributed random variables with zero

mean and standard deviation of 50 waveli'ngths. Th: value of' standard deviation

implies that at 100 Hz where the ,avelength is about 15 meters, about 68% of the

array elerents will be conc(-ntrated in a iange of t 750 ineters around the center

of the array. Becrnise the array main beam wazv focued to look in the Y-Z plane

only, the random variables Xn woe not Involved n;n tlih comlutation. The vertical

[31 Fre,' Uabor aind Wil]iim .1. Gra-_im, "Rsenrcli in Din siributekd Underwater Acoustic
Arrays," VnRC "'i''o. 24, Vebru;iry 197 i, 1) . 7--39.

) Fri'd l!-ber J P1 . am I . Grahai, "Reoso.erch in Di.stributed Underwater Acoustic
Arraos," VFc 25 , . , Nay )978, pp. 3-]1.

.n ; Cr riir, "Pearch in Di.sLributud Underwater Acoustic
At ray:," \E't; Q,,. Nh. 26, At st 1978, pp.- 29- '.
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FIGURE 2.1 PHYSICAL ARR.AuNGFA -!T AS.,UMED IN SIPULATION.

coordinate Z was assumed unifornnly di.stributed with mean zero and range of

50 wavelengths, also. This implies a depth ran.q'e of + 375 meter's around the

array center.

Ray arrivals 4ere assumeod to be, in the Y-Z plane corresponding to the azi-

muthal angle of feaus oi the arrav, but the ray. were assu:-ed dispor.ncd in

vertical angie. Taen rays were asssw:..d arriving, all of equal magnitude and

independent random electrical phas a; 15 , n- 1,2 ... 10, each uniformly dis-

tributed in (0, 2-) The arrival an.1es 9 mcr,<ured frco7! the vertical were

assumed independent and uniformly distrilouted over (80', 100), or + 100 rela-

tive to the horizo.atal.

Ten sets of random pairs of nu::sbers (y n, ) n - 1,2 ... 31 to represent

ten possible randors elccnt positions were eho.rn. For each of these positions,

five sets of angle pairs (9g in ) , m -- 1,2 ... 10 were randomly selected.

Assuning the combining scheme of [1, sect ivin 3, Figuic 3.2], the output of

ea-h branch prior to weighting zmd coib , ing i:; given by

M N J k(x sin9" co.: +. v . s!,,,L n co:; )+6 .+C
V , m In 11 11 m 111"Ill 1 n ' ) nil m

A c it 1 1 2 ... I (,y
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where (l E 8 ) are the azimuth and elevation angles of the mth arriving ray, and

(Bm, a m) are the magnitude and electrical phase at the center of coordinates of

that ray. ni is the injected electrical angle to focus the array to azimuth and

elevation angles ( s es ) as shown in [1] Figure 3.2, page 31, and is given by

Oni -k[x sn ine s c s S+yn s n si ins +z n OsO si]  (2)

The subscript i identifies the beam or branch number and I is the number of branches

used: here we will use I = 17 branches for reasons to be stated below. (1) and (2)

are written to include rays arriving from any azimuth and elevation (,M, em) and

focused at any azimuth and elevation (s 8 si). We now specialize these expressions

to the case of the array focused in the Y-Z plane and ray arrivals in the Y-Z plane.

Thus M = s= 90* and (1) and (2) reduce to
m s

V= N Bme j[ky sinGm +z Om ni in]  (3)
m=l n=1

and

S-fn .i ( si (4)

The final si~naT output using YRC is give:: by

= [. vy2 cs

The mean square value of the noioe at the output of the system is given by

N 2 1 (6)N2 Ii<  > i~cos(¢ni' n+;i,)

D=1  i=l j In i

where the (A., ,bi) are the TecnsIred ignal anpnitide and phose on the ith branch

given in (1), the n arC given bv (4) , and <n is the equivalent menn square

value of the noise innut pcnoratcd by the nth sc, sor. In t )c computaLion <n >

was set equ2i to 1. Flnal.tly the co:npiuted output SNR is given by

Qp'I No. 33



SNR =(7)

N2

As discussed in [2] the angles s if set at values separated by -n,
n an integer, will result in uncorrelated noise voltages at the branch output pro-

vided the elements are uniformly distributed in depth over the range (-h, h).

For the geometric conditions used here it was determined that 1.150 spacing between

the 0 s would accomplish this when h - 25X. We have accordingly assumed 17 beams

symmetrically placed around e = 90* at 1.150 intervals. Separation is about a

beamwidth in this case and the total coverage in vertical angle is close to ±100

with respect to the horizontal.

Results of the simulation using the maximal ratio combining technique are

shown in Table 1. Here we show the average and standard deviation of the SNR given

by (7) over the five sets of paired values (em, am) m = 1, 2, ... 10, for each of

ten sets of position samoles (yn' Zn) n = 1, 2, ... 31. These statistics are de-

noted <S',.R>O': and o(SNR) E. Then the 50 results of SNR (five sets over (em, a m)

times the ten spts over (yn' Z )) were treated as a sample of size 50 and the

overall mean and standard deviation denoted <c'!> and c respectively were determined

These were found to be <SNR> ' 480 and a = 182. We point out that if a single ray

were assumed to inpinge on a single element thc output SNR would be unity and the

variance would be zero.

To determine the effect of a frequency change on the output we have assumed

two different situaz'cn5. In the first we assumed the angular separation between

beams hel- at 1.150: that is, a . was held fixed at 90' ± n(l.15'), n = 0, 1, 2,

... 8. The frequency was then changed by factois 1/2 and 2. These latter changes

were accomplished by simply changing the values of yn and zn used in the previous

calculation by the reciprocal of these same factors. The vertical beamwidths be-

come narrower at the higher frequency and wider at the lower frequency but the

angular spacing between beams remains unchanged. Thus the beams are not optimally

spaced resulting in either uncorrelated noise in the several branclhes, or in non-

total coverage of the vertical range within which incoming rays are expected. Result

of these calculations are also shown in Table 1 revealing a decrease in the over-

all average SNR as one might expect. These results essentially show the sensitivit

of the scheme to incorrect placement of the vertical beams. As we see, the effects

are not overly serious, the mean out put at the 1/2 and 2 times frequency points

being within about 80% of the mean at the design frequency.

QPR No. 33
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Position h = 25X h 12.5X h ' 37.5X

Sample <SNR>, o(SNR) R0<SR> 04, a(SNR)
0 ,

1 490 200 396 93 327 135

2 455 205 327 90 662 392

3 411 60 384 141 293 125

4 483 134 355 173 417 185

5 587 214 501 98 432 178

6 552 283 459 154 451 125

492 120 368 163 270 48

8 421 40 406 90 343 132

9 519 144 602 156 275 50

10 378 10J 373 273 298 139

< SNR> 480 417 377

S1.82 172 210

TABLE I ,"i 'M .VIWI U OF "'RC AIAY

S.33
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In the second simulation of frequency effect the array focusing was held

fixed for a 100 Hz sinusoid by fixing the angles ni" The applied frequency was

then altered to 99, 99.5 and 100.5 11z. As a rule of thumb the bandwidth of an

array with fixed phase shift focusing is the inverse of the time required for

the wave to traverse the array. In this case it would imply a bandwidth of the

order of 1 Hz, or about 1% of the center frequency. The results of the simula-

tion are shown in Table 2. The overall mean S1,R is observed to have fallen by

about 3 dB at frequencies 300 ± 0.5 11z from what it was at 100 Hz, thus confirming

the rule of thumb on bandwidth. The overall mecn SNR at 99 Hz has fallen further,

the level appearing to be about what one gets when one steers the azimuthal focus

away from the source, illuminating the sidelobes.

We point out that the array properties observed here are all normalized to

wavelength so that at higher frequencies, with the actual array size reduced but

with array size in wavelengths held constant, the bandwidth would remain at about

1%. At 10 kHz we expect a 100 1Iz bandwidth, a value adequate for operating a

teletype conmunicaiion link. Furthermore, at this center frequency the array hor-

izontal dimension measured between '- points is 15 meters, a dimension one might

envision for an array suupeded from a surface ilh1p or ,dep~oyed arounc a sub-2erged

submarine. Tlie arrz-y could therefore be useful for underv:atcr data commiunictieon.

Furthermore, our wrk was based on focusing by fixed phasing of elements of :he

array. It is the fxe rhaslng which limits th- array bandwidth. By using con-

trolled ti4e delay ne-_c'rk.s at each ehci.ent in.olved, broader bandidths are achiev-

able suE.-esting the pz:,-ibility of higher speed &.-ta com:,munication, or lower center

frequency tith hi.hcr lbandv.;idth.

The multibcam tiree-dImcnsional array was compared to four other arrangements

as follows:

1. The raxi:.l ratio eobiner wi{Lt lug circu.it& which multiply each branch out-

put by V. Aoe I vherv V. is giJvi-n by (1) anre replaced by constant implitude

phase shifters j3 i, thus (5) nd (6) becomeo

I
s A. (8)

i=l1

T)i s i dee o r t 'i i r c d tu;c frther b ow.

Ql'l No. 33



Position f 99.0 Hz f = 99.5 IHz f 100.5 Rz

Sample <SNR> o (SNR) <SNTR> a (SNR)e <SNR>0 o(SNR)o

1 156 60 282 112 229 71

2 147 51 178 45 216 128

3 167 45 257 42 211 44

4 236 53 195 72 235 50

5 206 57 269 117 238 86

6 241 65 239 189 270 103

7 195 31 304 104 411 117

8 172 71 179 25 160 33

9 229 41 344 57 301 177

13 138 33 159 42 231 36

Overa] i

<SNR> 189 241 250

a 64 110 115

TA1, 1LF 2 SI>,tIl.V[Ioi 01 - ..C ARRAY
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and

N2 = _<M n> I I cos( ni-+ i-Tp) (9)
M=i j~l =l

Here only phase tracking is needed but the mean SNR will not be as good as for

maximal ratio combining. The term "equal gain combining (EGC)" is used in diver-

sity communication for this arrangement.

2. The maximal ratio combiner was replaced by a "selection combiner (SC)"; that

is, one which simply selects the output with tha maximum SNR. This technique is

also a standard scheme in communication diversity systems. Whereas the maximal

ratio combiner gives an output SNR which is the Sum of branch SNRs, this scheme

produces only the maximum of the branch SNRs. There is, however, no need for

phase tracking, greatly simplifying the processi,.,g. It Is possible that

in applications such as the underwater case the prohlen is as much variation

of vertical arrival angle as. it is nultipath. In effect then, the array would

follow the variation in ang'e of arrival of the Tma':imun amplitude ray.

3. Output was taken frora onc branch of the multi-beam array, the one which fo-

cuses herizontally ).i = .)°)" Tho pur:ose of this calculatlon is to see what

effezt is obtaine wh-,n the t ree-cli.'asiona a.rray is operated in its simplest mode.

4. The three-di- .s--ai1 array :aF red' Aced tc a planar horizontal array. Here

we are ret'uJrnins- to orji;aai arra'; structuie --- the two dimensional array.

S--.rv resul ts i- ng out expect.ations re shown in Table 3. The maximal

ratie c-'n~ng schc -a aivas . -n overall . S-1R of at least 6 dB better than the

other arran"c.eat, exz:,t for F.GC case which !: a close second. Interestingly,

the ratio of c(SN.),IS[> is r~t.ch .... 91 _C • in tho diversity modc. than in the two-

dimensional cas3c. This too is; expcctc.j. The divcirnity modes are partly effective

in resolvin'-, the t"']t itth:mn avoici'C. tlo non-col+",rcit. interferen.ce of the multi-

path ccrI ty; in the tw,-drr'n.;, co:-o il] r:ays enterJng the relatively wide

vertical arry b,.y;width are Theh lard nen-co1er ay Th- re i.., therefore, coniid--

erab] ;..i plitude "ar iiiod d. ng on the rcl,,tive phases of the accepted rays.

In the f ix,. he.,a .hr. ,';iiani c ge there isa 1:o a higli ratio ( (SK) /<SNR>

presuv.tbv _ ro e ,'i of th,. vcr . r, , . .i rt., h whirh may or may not see ar-

riving aCn'vv;tL(c
An iT.iyor1,.t preio'rty (t! thk. arraV will bc its response to souirc(S off the

a7imlt of fecii,;. If wC wVre ti) ;it. .iii,, the focu.s zwu.y from a source which

N.atl :,.



MRC EGC SC 90* Sector 2--Dimensional

<SNR> 480 367 105 32 117

o (SNR) 182 156 48 30 107

o = 50X for all cases
y
h = 25), for 3-dimensional arrays

TABLE 3 COMPARISON OF SIMULATIO', RESULTS

neatly fed M branches independently the power in each branch would on average drop by

a factor N, the number of elements. But the final output with RC or EGC being theM

coherent sum of the M weighted branches, would only be reduced by a factor i from

the main beam power. A situation of this sort was simulated to check this surmise.

The result obtaine-d using the MRC system was <SNR- = 182, the average being over the

same set of random variables as before. This figure is sonmewhat below (N/N) (main-

bea <SNR>) but it indicates that these techniquls do exact a price in sidelole

response. In this :alculation there was no signal on thr- -:ainbeam.

Further study of side]oie effects, 'Jith 0d ,.ithout a nain beam s.ignnl present

and using the diffe rent cocbinins hem:,s, is vIc',:Qd as, a useful next step. -n

addition, methods bascd en estimation theoretic principles (eg., mnxiinun like]I-

hood and maximumi cntro-:: es;ti ation) should be considered for application here.

These methods inherently maximize on-ta.rget sigin] response relative to off-target

signals. App] ied to the separate be-as as found here, or even to the entire array,

superior sidelobe rejection characteristics can be expected.

Fred Haber

Paul Ych

OIR NIo. 33
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